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A PREDICTION MODEL FOR LIFT-FAN SIMULATOR PERFORMANCE
- By
Joseph A. Yuska

Advisor: Dr. Chittaranjan Jain
ABSTRACT

‘".In‘this report the'pérfo?manceicharagteriéfi@s df'a.modé] VTOL
lift-fan simulator instailed in a two—dimensional Qing are4pre—
‘éentédl 4Tﬁe‘lift—fan §imulator consisted of a 15-inch diameter fan
driveﬁ by a' turbine contained in tﬁe fap hub, 'The performance of
T tbe liftffdn}simulator was measuged in two ways: (1) thg'calcdlated
momentum fhrusﬁvof-thé fénAand tﬁrbine (total fhruét,loading), and
(2) the axial-force measured on a-load cell force balance (axial-
force 1sading)l‘ Tests were{conducfed over a wide range of crossflow
. veiogities, corredte@ tip*sﬁeeds, an@ wing angle of.agpack,

The.objeéfiﬁe of this pﬁesis work was-to.deQelop a predicfion
modéling'tgchnique to help in analyzing the performance characteris-
tics of liff—ﬁan'simulgtbrs.l_A multiple linear'regression_analysis

" technique ié_presenféd which calculates prediction model equations
for the depéqdent variables: total thrust.ioading and the axial-
force loading as ‘a function of ghe independent vgriabies: crossflow
velocity, corrected tip'speed, and wing angle of attack. The re-
'.sulgs of ghe regfeséiohAaﬁalysis show that there was a.siénificant.

correlation for the two loading parameters as a function of the
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independent variables. The results also showed that there is a sig-
nificant correlation for the total thrust loading as a {unction of
the axial-force loading. |
The test results showed that the effect of increasing crossflow
velocity is not the same for total thrust loading as for axial-force
loadiqg. The ﬁultiple linear regression aﬁalysis Qag used pd deter-
.mine ;.signifigant co:relation for the.diffe?ence between the;t&o
ioa&ing parémetéréLfor the same indépendeﬁtvyariabTeé;“_C%ossflbw'
‘velocity was found to be the m&st;significant-vafiabiei1n the forqe—‘
lbadiﬁg difference correlatipn.équation. .
The results_of'Fhis'work indicate that -this pregiétion.médeling
‘techrniique could be valuable in deéigning.and;anaiyziﬁg lift—f;n sim?;
ulator tests; It could be used éo reduce the amount of instruﬁenta-
tion réquiréd and’ to reduce the number of test runs required to de-
.fine.the perforﬁancé characteristics: of lift—ﬁan*siéulatofs. Ihe
‘ﬁse of.éhis technique could.reduqe'the cost of buil@iﬁg and.testing

1ifﬁ—fén simula;ofs.‘
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1.0 INTRODUCTION

Vertical take-off and landing (VTOL) aircraft are currently
under study as a ﬁeans for improving short;haul intercity air trans-
portation systems. VTOL aircraft can relieve airport congestion, .
redu;e air‘time delays, and‘can'also supply access to communities
currently without aii transportation, 'The'feasibility;of VIOL in-
' tércity;air ttansporgation“sysééms has»beenAexplQred by a number- of
.doﬁéstic and.foreién o;ganizatiohs and gbverﬁmentjagenbiés ’ *I- It
-is recognizéd that there are many aspects$ t6 the pfoBlem éf VTOL

traéquftatibn SyStgﬁ —.economié, sociolsgical, and pol?tical; as
_well as technoiogicali; |

= The'bulk of tﬁe.r;éearcﬁ'on VTOL‘E;énsportation syétéms.héé

been conducted on the tecﬁnblogical problems. Some of tﬁe,eérliest
. wind tgnnel teét.of 1ift fan égnéepts we;e performed in 195} by
ﬁiékey ﬁbr‘tﬁe'Nétioﬁal Adviééry Cémmitt?e fér_Aefqnauﬁiéé:of the
Unitéd.étatesé’7; W;¥dia§, Teﬁplﬁﬁ'ahé.nbE;cheyn £or éhe'Nafiénai..:
Aeroqautiéal Egtéblishmeﬁt‘of'fhe.ﬁationél RéSeaTch'Council of-:.
'Cénadas’g;'and Gregory and Raymer for .the Nétional Physical Labor—;
'_atofy-forAtﬂe Miniétﬁy'of Aviatién,‘Londoﬁ,:Ehglandlo. These tests
were perfofméd on fans:éné p?opellers héving low préssﬁre'ratios.
.They found ;hat thé_lift and drag'forces and pitching moment on pheA
model could not be predictea by'éonsidering énlyuth;‘forcé reactions

due -to. the fan momentum thrust and the~wing-lift; It -was surmised .

* 4
" Numbers refer to the references listed at the end of the report.
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that part of these discrepancies could be accounted for by consider-
iné the qhanges in the flow_field about the wing due to fan-wing
intergction.

All three countries have continued research to determine the
fan-wing-flow interactions.; In England, the'investigations were
éérpied~on witﬁ scale models having low fan-to-wing érea ratios.
."Resulté_df this work haye bégﬁ.pubiishea in reférepces 11 through

..13; - 1In Canada} tests &ere.alsa performed on ;cale modélélé. fIn'the:
United S£étés‘thé bulk of the work'waé éafried.oqf éé Ames Resea£¢b |
- Center with laréé séale deels;.l ’16.V Hickey (in refgrence'l6) has
prop&sed a'rudimenﬁary methéd for esfimating tﬁe lifg,drag and
Apitqhing moﬁent.which g;ves good agreément}gith his'eXpérimgﬂtai :
work.’ OtheleASA work on fan-~in-wing concepts was performed by
Mdrtl7 andASpreemanl..' |

. Norland19 attempted td}déveiop aftwo;diménSioqal-theofj to.ex4
. ‘plaih~£hé deqréase'in'liftFaf low fO?w;rd speeds wﬁiéh has~been'in—_
.dicéted.in small scale tests of fan—in;wing configﬁragions. ,Correl-
atio? of Norland'é theory with his experimgﬁtal work is inconéluf
'sivé, however it pgov%ded a basis. for a'soﬁnd.tbe;reti;al %reqtmeqt
of_thelfaq—in—wing problem. V
| '.'Feasiﬁiiify sfudies ofﬁV/STOi concépté;for'sgott—ﬁaul traﬁsf ,
.pox£51 has.éhown‘the need-for~advanced-contept 1ift fans thaf afe
quiét, smpkeless, and reliabie. To de&elop these advanced-goncept
Z'.lift‘fans reéuires detaileA'design data on the perf&rmance of

advanced—codceﬁt lift fans in the transition speed range (crossflow
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velécity) from vertical to normal wing-sﬁpported flight, There are
a numbér of research problems associated with the perfprmance 6f
1ift fans operating in the transition speed range. One problem,
crossflow inlet distorgion encountered during transition, has an
adverse affect on lift-fan performance and noise genefation. A
second problem is the effect of'croésfiowAveiocity cﬁénging the
back pressure at the exit of the 1ift fan which changes the: opera-
‘ tiné point.of £he;lift‘f§q. A:thiEd‘pfoBlem.is.tﬂe‘intefference i;
efféct of the'iﬁteractioﬁ'bf tﬁevféﬁ flow and externél airflow.

.NASA.Lewis.Research Cenpe; receétly eﬁbérked.bn a'reseércﬁ
prograﬁ'té]geﬂefaté-detailéd.design aﬁd'pérformance.data én:ad—A
fvanded lift-fan coﬁégpfs.’.Aﬂ-inikial éxpérimental.tesp project
measuréd thé detailed crossgflow performance of é 1$-in. aiameéer
lift;fan simulétor installed in a two-dimensional wing.‘ The fan-
in-wing mq.del.té‘sts'wer.e conducted in a 9- by 15-£ V/STOL wind
tunnelzof . | | .

Rgsul;s of phe measpréd fan'axial force.datalaﬁd overall aero-
. dyngmic chgractetistics of the fan—iﬁ—wing‘copfiguration ha&e been
'reportéd.by;YuSka ;nd Diearicﬁzl. .The-appli;abiligyfofikhese re-
sﬁlts to the thesis-topic wili be discussed in other sectioﬁs of
tﬁe thesis; ‘ | .
. Efe;gnfly a feport is:iﬁ prepéragion to présent £hé internal
flow characteristic of "the iift—fan simulator, and analysi; is

being tonducted to determine the relationship between the axial

force measured on the load cell force balance and the calculated
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momentum'thrust of the fan and turbine. In addition, tesfs have
been completed on three other lift-fan simulator designs.

SinceAlift-fan sim;iator models are very expensive and test
time fs limited and expensive, it.is desirable to develop a mathe-
matical prédiction model for the lift-fan simulator performance
characteristics over ifs éntire'oéerating.rapge.A

The.purpoSé of this ghegis is tb preseht ﬁhe,;ésults of a mul- -
tiéie 1ineér rég?ession anaIYSis p}édiction modei'fér a lS;in...
lift;fan éimulator, .Tﬁe pfedictidq'modéihis deQéloped f;om ob~
served-valugé‘of.lift;fan_sim;iator thpust loading apdvaxiél—force
loading as the depéndent.VQriébIe and majér test vafiqblés kcrééé— .
' flqw velécity,ifén corrected tip speed éné wiﬁg angle ‘of atraék) as
tﬁe independgnt_variaﬁles..

There are a number of ways that the prediction model may be
used. -A reliable predic;iﬁn model could be used to reduce the num- °
. ber of'tesqvfuﬁs.réquireq to éefing_the éerfbrmgnceicha;acféfigtiéé
of the lift—faa simulator. ‘The use of the.prediction-modeliwould,

éllow the.experiﬁental investigator to make bétéer use of fh;.avail;
'gble test time and ;educe the cqsf of experimentél pést'ﬁrégrgms:.
‘The use of feplicated dat; could provide an‘éstiméte of éhe accufacj
to the tesi'data. ‘The ﬁrediction model cpuld dlso be used in the.
deéigﬁ of fqturé eXperimental“lift fén simulators. |

The prediction model would alsoibe useful in émoothing the data :
for the analyticél work of determining the relationsﬁiplbetween thel

axial force measured.on the load cell balance and the Caléulaﬁed'
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momentum thrust of the fan and turbine., This relationship is use-
ful in the analysis to determine the interference effect of the fan

flow and external airflow on the lift-fan simulator.



2.0 DESCRIPTiON OF EXPERIMENT

The objective of the experiment was to determine the perform-
ance of a model VTOL lrft-fan simulator instalied in avtwof ,
dimensional wing section for various test conditions. The lift-fan
simulator consists of a lS-in. uiameter»fan driven by a turbine cou—
talned in the fan hub., The wing sectlon was de31gned to simulate
the aerodynamlc flow which would be produced by a VTOL transport
.<a1rcraft durlng landlng or take off. ' '

o The performance of the lift- fan 31mulator is measured by the
total ax1al thrust.developed under various condltlous. The:total
axial force,.F, is the sum of the fan momentum thrust FF, lb; the.

1turb1ne momentum thrust Frp, lb and the fan base force Fg, 1Db or. ..
= Fp + Fp + Fp ' : (1)
The fan and turbiue‘momentum thrust is caiculated from observed
" Values of'total-pressure;-P,.total temperature,'T,_and‘airflow“:'
'augle?:gz;atnthe;fan_and turtine exit; and from obeeryed'valuee of '
.static pressure, pl, at the fan'iuiet‘which is corretated with fan-
weight flow, &1, ueing ; correlation equation fromuajthéoretical
.techuique;oeveloped by Stockmenzé;.and from ooéerved values of tur-
' bine weight flow, wp, measureo with an orifice_plate. fAnother |
measure of fan performauce was the'axiei force 'FLC.:measured on a
.loao cell force balance{f.Tue'force balauce consiéts of.three.

SOO 1b load cells equally speced on a 22,5-in. diameter circle,
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The load cell force balance ettaches theriift fan simulator to the
wing. o

The ﬁajor test variables were:

(1) Free-stream (airflow) wvelocity, V, feet per second (this
perameter is also commonly called;crossflow velocity in VTOL app;i—
cations and may be used interchangeably). |
| (2) Fan corrected tip speed U //— expressed as a percentage
of the corrected tip speed at design’ condltlons (U //~ = 980 ft/sec)-
(Tip speed is the product of the angular velocity ‘of the fan rotor
blsde timeS'the.tip radius of the rotor‘blade; and 8 is the ratio
of inlet total'temperature\to standatd.sea—level'temperatdre'of‘
518.7° B) . '

(3) Wlng angle of attack o, deg.

Tests were conducted at many poss1ble comblnatdons of test var-
iables. However, the test condltlons can be grooped into two major
“grodpszi (l)_StaticAtest-coddltlons ‘where the crossflow yeloc1ty is
zero, and (2);crcsstlow test conditions where the crossflow'veibcity
~varied from 70 to 240 feet per second. For: static test conditions,
test deta were~obserped<at eight values of fad cot;ected_tip speed
and two.angles of’attacki"For'crossflcw test conditions, testcdeta.
were obsetved at six.crossflow velocities,'two:values of fan.correc-v
ted tip speed, and eleyen values ot angle of attackil Test data‘wete
observed at 52 points.corresponding to different combinations of "

test points. Table I is a summary of the observed test conditiods.
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TABLE I

- SUMMARY OF TEST CONDITIONS AND INPUT DATA

Crossflow Corrected Angle of Total Axial- | Force

velocity, tip speed, attack, . thrust force loading
v, . Up/ V8, o,  loading, loading, difference,
ft/sec - percent of deg F/GA, F/6A, . AF/6A,
: design . ‘ 2 2 ’ 2
‘speed . 1b/'ft .. 1b/ft - 1b/ft
- 82.1 . 100:38 - - . -10.10  ~ 758.2 - . 701.7. ~56.55
+117.5 . - 99,91  -10.11 731.4 - 691.2 . - ~40.15
151.0 99.20 © -~ -10.11 - 709.9 660.3 ~49.52
180.0 - 99.88 -10.29 . 702.6 667.0 . . =19.90
207.4 . 99.87 -10.12 " - 692:0 672.0 ° -35.58
2399 99,61 -10.16 690.4 | 677.1 -13.30
76.8 100,18 -0.22 . 760.9 716.3 ~44.55
120.1 " 99,74 . =0.20 731.0 . ..709.8 -21.17
151.9. . 99.47 .- -0.17 .. 711.3 . 682.4 -28.92
180.2: © 99,34 -0.24  698.9 687.9 ~11.03
203.3 99.90 - -0.15 700.1 722.0 21,95
236.4  99.21 -0.20 - 679.2 726.8 - 47.57
. 71.8 100.06  10.06 764.0 721.1 -42.85
. .118.3 . 7. 99.57 ° " 10.06 739.5 . .725.6 -13.93
153.0 . 99.53 - 10.03 ' 715.3  '728.2 - '12,95-
177.8. .99.54 . 10.04 . 699.2  734.6 35.44
204.1 99.90 . - 10.03 . 680.6:  747.1 .. 66.49 -
.. 2344 ° -100.66 ° 10.10 649.9  756.6 "106.73
" 81.3 ° 70.34  -10.10 - 376.6 343.7 . =32.86 -
118.0 ©° " 69.78 -10.10 375.8 333.6 ° -~42.23 ¢
158.6 70.01 . -10.20 378.8 342.6 =36.20
181.8 .. 69.74 .  -10:20 380.3 .357.4 7 . =22.92 .
. .205.1 | 69.69 . -10.10 . 377.8. 370.3 -7.53.
~238.7 ' 68,88. . -10.20 . 382.0 -  391.2 9.21
78.0 - 70.27 - -0.20- 380.3 ©346.2 - -34.07

121.8 70.25 -0.20 . 378.7  357.6 - -21.08 -



-9 -
TABLE I (Concluded)

"SUMMARY OF TEST CONDITIONS AND INPUT DATA

Crossflow Corrected Angle of Total =  Axial- Force
velocity, tip speed, attack, .thrust force loading
-V, Up/ Ve, a, . loading, loading, difference,
ft/sec percent of deg F/SA, T/8A, AF/8A,
design = Cow/ee? /et /e
. speed ,
151.3 -69.78 . --0.30.- 381.3  '372.8 " -8.50
1785 . 69.85 - -0.10  379.1 387.3 ° . . 8.19
- 206.4 69.40 -0.20 .- 385.5 412.3 - 26.78
237.2° 69.23 - -0.10 375.0 417.3 42,35
74.0 '70.41 - -10.10  381.3 365.0" - -16.33
120.5  ° 70.20. . 10.10 " - 378.4 376.8 . =1.55
153.3 ° 70.06 .~ 10.20  380.1 - 395.6 C 15,46
7 182.1 ° .. 69.61 - 10.20 381.2 © 417.0° . 35.82
- 204.5  © 69.82 - 10.20 - 371.5  437.6 . 66:14"
234.3 . 69.70 -10.10 © 345.0  451.9 - 106.86
205.6  69.46 -13.60  381.4  355.9 -25.53
204.4  69.39 -5.10 . 379.7 386.8 7.06
207.5 - 69.73 4,90  377.1 434.1 - "56.99
204.4 - 69.84 - 15.50  348.3 440.6 . 92.30
1204.2° 99.75 - =15.30 & '692.1 = 643.9 '-48.20
204.4 99.93 -5.10 " 694.5 686.0. -  -8.50 -
.201.5 100,23 5.00 . 691.5-. 726.9 ' 35.40
204.6  99.15° 15,50  667.8 . 766.0 - . 98,20
0o 70.83 0 . 411.4 . 347.9 : =63.50
] - 81.14 0. 538,7° - 479.8 °  °-58.90
0. 85.89. 0 . 613.3 542.4 =70.90
-0 91.57 0. - -696.0 624.7, - -71.30 -
0. 96.28 0 762.6 . 691.7 ° -70.90 .
-0 101.39 0 819.2  745.8 ~73.40
0 106.18 0 860.1 802.3 - -57.80
0 - 111.73 0.

910.1 852.9 - - -57.20



3.0 EXPERIMENTAL MODEL AND APPARATUS

In this chapter, a-detailed description of the experimental
model and apparatus used in this experiment is presented. The test
procedure, instrumentation, and data recording equipment used for

data collection are described.

3.1 Wing éna Wing'Balance

| A photographrbf the fan-in-winé;modei installed in the 9- By
;S—ft‘V/STOL test sec£ion is shéwn‘in Figuge-l. ‘The.winé spapnéa .
the 9-ft -height.'of the tést"segt-ioﬁ and had a’ 4.5:ft. chord. The
wing h%s a constant NACA 655A(218)—217 aiffoil section gibﬁg.the
span excébt for 10calizéd modiﬁiéationé.rgquired‘fbr fa£ %nstaila;
. ;ion. . .

“The fan-in—winé model was atéached to a wing.balance that )
ﬁeasureé.ovétgll mo&el iift; drag, and pitching moment. Fiéuré 2

- is a éketch of thE.wing'balanpe'shoWinngertineﬁt dimensions.’

r'3.21Fan.and.Dfive Turgihe Chafactérigtics~
' The fan assembly wasja;tacheé to ;_force balance sysfe@ within .
'tﬁe Winé;:-Iﬁé fén f@rcélbalance édgsistg of.fﬁreé SOG;lb io;d-céllé.
equally -spaced ‘on é 22.5—15.-diamétér circle, aé shown in Figure 3..~
The balance méasureg-thg'combined,axial fdrcg of the fan and turr;f
bine. Drive air:w;s supplied from botﬂ sides éf the.ﬁing...

Figure 4 shows a:éross section ofAthe'modé})iiftAfaﬁ;' The fan
rotor tip diameper.ﬁas‘IS.Z in.} and'thé Stage eii; diameter was

- 10 -
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. Figure 1. - Fan-in-wing model in 12.74- by 4.58-meter {9- by 15-ft) V/STOL .
wind tunnel. . .
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+2225 N (500 Ipf)/; .

. 63.5
0.64 (25.0)
[ 10.25) .
_ 0.6 .|
e T we T
S } £Tunne| structure -
' B ' ' Section B-B

Figuré 2. - Wing balance. (All dihensions arein gni (in.).)

¥
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Drive air supply
. ~y

il s A WLt 200002 |
Ceiling- . oo L. : .

I
l
i
o
|
I
|
J
I
|

* Fan bafance load cells,

three places equally e R ;
-spaced on 57.2-cm 7 i ll \\ “Support frame
22.5-in.) dtam circle—{] - Y11 \orivear
e *|-1 .outer plenum -
[ 1
b
1
41
1,
<!
||
[
“Floor . 1 : . o
T T TITTTITTII 7T
' !

o .
Drive air supply

Figure 3. - Fan-in-wing installation on fan balance. (All dimensions are in ¢m (in.).)
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14.78 in. The diameter of the fan inlet bellmouth at the wing
junction was 22f0 in. ?he fan inlet bellmouth was contoured flush
with the wing upper surface. The fan hub protruded from the wing
lower surface as shown ln Figure 4. The.inlet and exit flow area
cfjthe fan stage were 0‘.990‘ft2 and 0.868 ftz, reepectively. ‘The
fan rotor.had 35 blades which were made from lS,Nickel;ZOO maraging

~ steel. " Two 0.060—in. diameter damper wires located at 60 percent

" of the passage helght from the hub provided suff1c1ent damping to

,prevent blade flutter and reduce blade v1brat10n

The fan drive was a compact, two-stage eupersqnic turbine con-
tained in thé fan hub. The turbine_waé.écaled'frdmAa breyldus dASA :
design23 24._'Ihe'turbineJhad'a mean diameter or_s.é‘iu: and devel;'
oped 685 hp to drive the fan -at design ccnditions. The.turbiﬁe.was
~ driven by high-pressure air Supplled~through:sii equally-spaced
.rstrute.(IZ.S perceut thickdess.ratid) spanhlng the fan passage:f
" (Fig. é); _The~atruté condected,the lpner.addlcuter’3600 plenumaL

For scme.tests,'exit louvers were mounted.on.thedwing as shcwi;
_ln Figure 5. For this installation, the louver forces appeared
ouly‘cnetheiwing~balauce a;d not‘ou the fan balauce,-fThe exit lou-
vers covered:both the-tan and driue‘turbiue e#haust. Tue exit 15&4
E vers were capable of remotely vectorlng the fan and dr1ve turbine

- thrust from 3° forward (negatlve louver angle of attack) to 40° aft

(positive louver angle of attack).
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3.3 Instrumentation for Data Collection

The major features of fan internal instrumentation are shqwn
in Figure 4. Static pressure taps were locatéd at eight circumfer-
ential positions on the outer shroud of the fan inlet»belimouth 3/4
§f an iﬁch above the-fan:rotor leading edge. These eighé static.
bressuré measuféments were averaggd.together to brovidé én'avefage-
inlet static_prgssure,fo£ use in' the weight flow éorrelationﬁ. At
.;he ropér.éxif; siéAeaﬁaliy épacea stator biades'Qére’eéch inétru;,A5
mented’?iég tdtai.tempefature;probés at three radial bositibps.

At the duct-exit,:six fixed*posi?ion rakes equaliy spaced"
a&ouﬁd.tﬁévéifcumferengé.(pésitiéned Betwéen.the'tquine:d£i§éréi¥
sﬁf;ps)-were.psed éo'meésﬁre.the aifflow angle aé tﬂree rgdial po-
sitions and;total pressure at five radial positions as ;hown iﬁl
"Fiéﬁre 6. Static préssure taps‘were.located at six eqﬁgllfQSpaced
) ﬁééifiéns oﬁ théihuﬁ aﬁd tip ;urface;viﬁ‘the meas;riqg.ﬁlahe offfhe
f'.égtéi preééurg prébe;.- iﬁé aiffi6w ;ng1e;pro$gs'we:é-fi#;ﬁ— -

' fpositioﬁ, ﬁon%nulling}inspruménts. _The’conétrﬁction'detéilé and °
.calibration teChniqﬁes fo% fixed-position flow.difectipﬂlp;obgs‘;;e
‘réported- in reference 25. . |

Iﬁe turbihe éxit duct was:iné£ruﬁented gt'gwo cipqpmfeyeptial
‘1ocati6ns to measure flow_angle at one radial pbsition,.totgl pres-
.'éurézat five'raéiéiipositioﬁs,{aﬁd'tot%i teﬁperature:at two radial
. positions (Fig. 7).  fwo.équaliy—spaced statié taps Wefe located on
vuthe?turbihe exit inner and oufér wall surfaces. Turbiﬁe airzweight

flow was measured by a calibrated flat plate orifice._ Base static
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pressures were measured on the ring between the fan and turbine
flow passages and on thé centerbody surface of the turbine. These
- static pressures were.used to calculate' the fan,base_force.

A summary of the total instrﬁmentati&n provided for.in the
‘éxpeyiment.is,shown in T;ble II and Table III. .A total of 313
.preésures and.#l temperatures wéré measure&.: To_reducelthe number
_Af:stréin gégé,prgssuié transducers requifed_t?{measdre éhg 313
pressures, a écanning'tybe'pressufé:saﬁﬁlingAvalve>for'ﬁeésuring‘:
'mﬁitiple preééurés was used. - ‘ )

Each valve is recordéd in‘éequgﬁce and controlléd by.tﬁé data'_
fe@ording system. - Thé valve rotor is theé stepped tg'the next port
for ﬁhe.next-meaéurement;-,The pfocess'ié repeatearuntii all'pres;
sures are measured. The stepping rate mayAbe‘vafied to match the
settlihg ogt_time fqr the pneumaﬁicAprgésgre system; The f;ans4
dﬁcér:éignél is'cqﬂneptéd.to.the;automaﬁic'voltagezdiéit;zer apdjtq
.théiaafa réégrding sySteﬁ. 'Wifh.fﬁis éystém'ané pressure tf;n;--
d@cér can méagure 46 individuai pféssuies.“lﬁ tﬂis';xﬁeriment'
seven pressure sampling values were.used. Eééh.usihg oﬁly,one‘éres—
'su:e'tfanédﬁcef; ‘Thirty th additiohal tranédﬁbérs'were used.tq?
meaéuré Qariéus‘?equiféd.gage~and1abéblut; pressﬁres, and pféssures'.
beyond.the méagureﬁent range of the transducers ip.thé sémpling.va;_
ves;. Thus, oniy 39véressure traﬁéduéers Qere used to ﬁéasufe 313 '

pressurés.
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TABLE II
SUMMARY OF TOTAL NUMBER AND TYPE OF PRESSURE

'AND TEMPERATURE MEASUREMENTS

Location of instrumentation| Total number of Total number of

in lift-fan simulator pressure temperature
’ measurements measurements
P | P o|ARiP, | T oT
'--Wing surface ..] . o241 - " . 3.:-
Bellmouth. front - BUUE L0 ) o T
. Bellmouth rear . - 24 12 R
Rotor exit plane 12 | 54.118 (18" . - 18
Duct exit plarde - - |12 30 |18 (18| K
Turbine inlet orifice - 1 3 1
- Turbine inlet header 1 - 3
Turbine .inlet plenum 1 = . ‘
Turbine exit plane ° 4 11027 2|, 4
Fan exit lower surface 3l !
Tunnel conditions -3 3 _ 2
‘ToTAL . 125 | 106 |44 [38 | .13 | 18
TABLE IIT o

SUMMARY OF TOTAL NUMBER ANDATIPE.OF'FORCE‘ANﬁ

MISCELLANEOUS DATA MEASUREMENTS.

.Type of measurement ° Lo ' - Total number of
: ' ' measurements

- Lift force

Drag force

Axial force

Fan RPM.

Fan torque - i

‘Wing angle of attack

. Louver position

Fan box'static pressure
Rotor strain

N FERERWONDW

~
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3.4 Data Recording Equipment

The data is recorded on the Lewis Research Center central data
recording system called the Central Automatic Digital Data Encoder
(CADDE) that is used by many test.facilities to record digital read-
ings;from transducers of préssure! voltage, and events per;qnit
T ;ime;':A schematic of the syéteﬁ is'shown ih Figgre 8,'and reference.
’26”giveé‘a detailéd deséribtipﬂ of fhe.sysfem. The'sysfém'ﬁas a
_SOO;daﬁa:Wo;d é;pacify. Iﬁ.thié'expérimént.368~déta wd?ds.ﬁeré.;é;.'
.cordgd.at.egch test point. The data are recorded on magnetic tabe‘
" as binary—é;ded decimal digifs'with additional characters for'iaen-
%ificaéién and qoﬁputation‘iﬁgtructions. The ﬁagnétié Fépe ié the .
'permanégt:pécord 6f the;raQ dété. In.édaition; the dafa ma;.bei
simultaneously recorded on an IBM 366 time-sharing computer‘systém.
This'allows ;he_tést engineer to.receive hon—line".compdtér éat; .
'typea'out.inzthé'coptrol réom.after fhe'daté:poiﬁt_ig'tak;ﬁ: After
recdrdiﬁg,,g dﬁpliéa;e”ﬁéﬁg~ié méde:té broéégs ﬁhe'daga As hlétofedt

program on’ an IBM 7094 computer.

3;5-Ekperimental’Teéijrocedufe
: Thé genergi test ﬁrqceéure,was to set the desired:tes; condi-
.'tions‘of'cfossflow VEIQéify, correéted éip spéed; ﬁing'aggle of
attack, én& exit';dqvep deflectién ;ngle._ The fén iptérnai'flow N
and tunnel flow bondi;ioﬁs were allowed to stabilize at a s£éady )
.'St;te condition befaré the.start of each data reéording foint; The
time to acquire. data (data scén‘tiﬁe) fdr a single test point was |

typically about 25 seconds. During the data acquisition period,



- 23 -

4.&mumuw.wd%mmmwoum eleq jo Emuwmwa oT3BWIYOS - *g 9anSE4g

IBUTWI®] ajoway

is3ndwod v

Sutaeys
Cout3

- 09€ WAl

ASTP Ss900® wopuey

e3lB I33ndwo)

P S — Suyssaooad

.
.

souenbas
pue

ToI3u0D;

193 FINOXDTI

a8eao03s |
Kxezodway

.... ..._ | . AM.|I.
123ndwod | .
Surssaooxd & K
yo3eq
7604 WAL _
. paoa3%]. .
Y JusuBwIDg
umuw«um saaTpuey .adey

. ®aae 3QqQvd

‘B3P TRIIUDY

A

' (peo1

< aaxvy <

‘2anjexadwal
‘aanssaxd) .
© "sa8e3Top ]

T3POR

. . . WOT3I09S'.389],

b %uﬂaﬂomm 3893 ajowsy —>



- 24 -
test conditions were stabilized through fhe individual control sys-
tems for each of the preceding independent parameters. The faﬁ
speed generally flucthated somewhat during the data acquisition
time. Over the speed rénge, the variation was +50 rpm which was

only a +0.3 percent variation of the design speed.

Test Procedure for Static Test Conditions (Zero Crossflow Velocity)

The tunnel ci;cuit'was.yéﬁﬁed to'thé~§tmgsphgre to'ﬁiﬁimize
fécifculation-of'the fén exhéust. Static téstsIWege ponductéd with-
the fan axié both berpendicﬁlagiand ﬁafa}lel'to fhe-tunﬁel éxis."
The‘orientatian with.the fan axis garallel‘t; the tunhel.axis’and'
the inleg.oﬁ-the.fan facing upstream was used to achieve the most
. steady flow éonditions at the fan inlet;. Data takén with the'fah
axis perpeﬂdicular to the tunnel axis showed that the internal flow
of'the fgn was less steady than withhthe'fan'axig oriented parallel
to the tunnel axis, although the overéll.thrust levels were the

same for both orientations.

Test Procedure for Crossflow Test Conditions

The general test procedure was to ﬁirst Bring the tuﬁnel up .to
speea and set the‘desiféd lgvel of crossflow velocity in Ehe test
section. Before the s;art qf each data recarding point, ‘the tunnel
flow was allowed to stabilize for several ﬁindtes While the¢desi£ed
values of Wing angle of attack, louver position, and fan speed were

established.



4.0 DATA ANALYSTS TECHNIQUES
This chapter describes the data analysis procedure used in de-
veloping a prediction model for the lift-fan simulator. The de-
pendent variables, total axial force, F, and £he axial forcé meas-

ured on the. load cell.force balance, , were calculated for the

various test variables. '~ The details of.theée~calculatioﬁs are pre-

'senged'in Appendix A. To eqaplé the test feSults'of various lift

.'fané to‘bé cémparéd; tﬁe'£9tai.a%ial"force'and the éxiai fofée |
measured on the load cell?béiance are- divided by,thé‘fan frontal

area, A = 1.263 fpz; and §  the.patio of inlet total pressure to
. ) .

[N

standard sea-level pressure of 2116.2 lb/fﬁ . The resulting ratio,

F(GA or FLC/GA "is the Fotal thrust 1oading parameter or the’
akialfforce loading parameter, resbectivély. These parametgrs nor-
malize fhé data so that the results from this lift-fan simulator
éesf can be cémpared tp.thé test rééults of étBEr lift-fan simula-
to%s or'fuil-SCale 15t féng Héving'diffgrént*féﬁifront£1 areas.
The calculated dependent variables and the independent teét.
variables were theh_used as input data (shown in Table I).to Qeter—
mine the lift-fan simulatpr prediction model. A multiple linear .
rgéression‘computqr program (RAPIER)27,.which is‘a progfam”in the
NASA Lewis Resegrch Center cpmputer prqgfam library, was used to
compute ghe lift-fan siﬁulator prediction mgdel équation. A-de—
scription'of the multiple linear régression computer program is

presented in Appendix B.

- 25 -
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The model equation was assumed to he

y =by+ b V+ bz(uT//é') + by + bAV(UT//g)
+ b Vo + b6(UT//e‘)a + b7V(UT//€)a
+ b8V2 + b9V2a +e - (2)

where y is the dependent variable éorresponding to F/SA .or

FLC/éA;-b yeesb iare.fhe‘regrgssion cbefficientsAand .e is

0* Py

' the error term. The computer brogram was then used with the backf'

9

‘ward iejection option to delete fegréssion éoeffibiénts,that hgvg
t—statispics whi;h.éfe lesé than 90 pefcent significant, .The pro-
gram then coﬁputesAthe final regression coeffiéients, the analysis
of_variehce'(ANOVA) table ahd tﬁe poefficient of correlation, r;
An F tesF is made for testing the null hypothesis HO: that
there is no correlation, that all_the correlationhco?fficients are
.zefpg The,;ltern;tive hypothesfsis Hli'ﬁhat there ié a significant
correlation. _If theﬂcalc@lated value bf_ f 'is greater than the
criticai value of‘the 'F distr%bgﬁiqns'for the.number.of degfegs
of ffeédom and the specified significance 1evels; fhen the null hy-
pothesis Ho ;s invélid indicating that there is a significaﬁt
correlaﬁign an& the regréssion coefficients are not zefo..'Ihe pro-
gram then compﬁtes a cél;ﬁlated feSpénse (y)'for eaéh set of inde-
pendent variable ébservatioﬁs using the'prediction mo&el equatioﬂf

A.comparison is then made between the observed values and the cal-

culated values.
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Since there was an observed difference between the total axial -
force loading and the axial-force loading measured on the load cell
balance, another dependént variable was calculated'for all test
variables (éee Table I). This variable is called the force loading
difference, AF/GA, which is the difference betweeé FLC/GA and
F/8A. |

 AF/6A = FLC/QSA_—;«‘/GA R (3)
“The muitiéié_1in¢ér'regreséibhTcémputer'proérém was'again utiiizéd o
to determine if'a:correlation éxistéd.fér force iqading differénge.
as a function of the ép&ependent test.vgriabies.

The RAPIER coéputer program also has a ﬁrediction option,
which_usgd%the regression equation tQ,PIediCt an estima;ed'requn§eu”.
at some condition of the independent variables. This option is use-
ful in calculating responses at fixed values of the indepeﬁdent var-
iables. }This techniqde:is.useful in making carbet pl;ts to a}low |
the breseﬁtation of the dependent variable as a‘function‘of,all~its'

‘independent variables on a single graph.



5.0 RESULTS AND DISCUSSION

In this chapter, the results of the multiple linear regression
analysis are presented. The correlations were obtained for total
thrust loading, axial-force loading, and the differernce between the
axi;l—force loading and toﬁal thrust loadiﬁgr In each of the above -
casés~the independent variables wé;e croséflgw Qélocity,icOrrécted
tipispééd, ana angle of attécg) ¥n'aéditi6ﬁ a finél.correlation
wa;'bbtained for'fhe-£otgl thrﬁst-lbading..;g a‘functioé of "axial-
force loadiﬁgl The ?esuLts of the étatiétical computations are
discussed,-énd-a cémpérison'of-phe coirélatipn gquations.and the
observed values is presengéa. " The physical significance of thé

observed variations in loading-parameters are also interpretéed for

the model VTOL lift-fan simulator.

5.1 Correlation-Equations

The prediétion modei éorrelation equaﬁioq for each:depeﬁdent
.variable was compufed uéing the input data sbogﬂ in:Table I. The
resulting correlation eqﬁations are shown in Table IV. From Table
IV it can be seen that in each correlation.equation for total
thrust loading, .axial~force loading, and.force loading differeﬁce,
ceftain fegression coefficients were deleted by the backward rejec-

'tion option of the compﬁfef program because the t—statisfics test
of each delected regreésion coefficient showed a significance level

of less than 90 percent.

- 28 ~
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TABLE 1V

CORRELATION EQUATIONS

1. Total thrust loading:
F/6A = - 529.2807 + .8361 ¥ + 13.1970 (U//B)
~ .0132 V(U,//8) + .01586 Va - .00010 Ve (4)
2. Axial-force loading:
F,o/0A = = 566.0020 +..9242 V + 12.9196 (U//8) .

- L0132 V(U_//B) + .02823 Va.- +02678 (U //B)a

'+ .000268 V(U/VB)a + .00158 vZ - .00011 .vV%a (5)
3. Force ioading difference:
AF/SA = - 38.7907 + .1294 V - .2679 (UT/JE)
L+ 000079 V(Uy//B)a + 00141 v2
‘ .. .'. 2 '.. ) - .. - . '- -
+ .00007 V' S : S (6)

4. Total thrust loading as a functién of axial-force loading:

F/6A = 2.697 + 1.016 F ./6A - : ' (D
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Equations 4 and 5 in Table IV show that velocity V and tip
speed UT/JE are the dominant independent variables in the equa-
tions for total thrust loading and axial-force 1ogding. In both
equations the regression coefficienté associated with V and
UT//g are positive and have nearly the same value. The equations
for total thrust loading (gquation 4) also qontainé threé~interac—
tion terms (V(UT//§), Va and Vzd). ‘Thé eﬁuati?n fér ékiai—fo%ce
1Qédiﬁg”(équéfidnj5)-COnFain51éi¥ intergctioﬁ tepms (V(UT//5),~Vg,:l.
(UT/VE)G, V(Ui/Jg)a, V2, gnd. Vza)- Thése:inte?acéipp Férmslac;
count for the obseryed'vafiations'(ihéreases,and decfeaéeé) in
total force loéding and akial-foécé5léadi;g which“will Be discus-
sed in a later section of this report.

Eqﬁatién 6 in Table'iV shows that'velocity. V and tip speed
are again fhe dominant independent variables in the force loading
difference equation. The gQuatiOn glso contains three iqteractioh
terms (V(UT[VE), Vz,:and' Vza). . The ;egression coefficients éf the
iﬁteraction.te}ﬁs afe‘all positive wﬁiéh indicates that at a éon—
‘Stant tip speed as V énd a 'increaée the value éf AF/SA will
iﬁcfease. The obéefved increase in AF/6A‘ with-increasing. V. and
.‘_a"will be -discussed later. The éorgelation.equatioﬁ for ﬁotal '.
force loading as a linear function of axial—forée loéding is éﬁown
in equation 7 of Table v. ..

For eéch regression equation, the cérrelation coefficient was

calculated;hand the null hypothesis H,: that there is no correla- '

0

tion, was tested. An F~test was performed, where the calculated
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F value is compared to' the critical value of the F disfribution
obtained fromATable 7.?’in reference 28 for a 0.01 probability of a
larger value of ' F and the computed number of degrees of freedom.

The critical value of F 1is denoted as . where the

| | FO.Ol,\)z,\)1
subscript 0.01 is the specified probability_level; and v, .is the
degfees of freedom for the mean squ?res_of the regreséioh; and vy
is‘the degrees éf;fneedom,for the mean squares of the residual,

Thé resuits of fhé'Analysis of.Vafiaﬁce are sho@n in Tabie'V; In
each correlation'gquaLion forjtotal:thrust loading, axial-force
,1oading,‘and_f6rc¢ loaéing diffeféncé, the F-test showed thag for
each'of these three corfefation equations, the computed valﬁe of F
wés‘gfeatef than the critical value of the f—distributions for the
specified probability level of 0,01. fherefore, the null hypoth-

esis H that there is no correlation, that all the coefficients

are zero, ﬁas'réjected; and the alterﬂative hypotheses le that
'thefé ig'a'sigﬁifiééﬁt corrélation; was accepted.. In each caée,
the corrélatioﬁ coefficient was greater ;han 0.988 which égain'inQ
dicates that there is a'sigﬁificant correlation for each dependent
‘variable.

The correlation equation for total:forée loading as a function
of‘axial—force ioadiﬁg was assumed fo.be linear. This assumption
would proBably be-valid for zero croséflow conditions bﬁt‘not for
nonzero crossflow conditions. It has already .been seen that the
effect of crossflow leocity on both loading parémeters is non- -

linear. Previdus experijence has not shown how the total thrust

loading varies as a function of axial-force loading. Even with the
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1lnear assumption, the correlation equation for total thrust load—-
ing as a function of axial-force loading has a high degree of cor-
relatiun. The correlaglon coefficient T ls 0.9620, and the ovef~
all F-test indicated that the alternative hypothesis Hl: that

there is a significant correlation, should be accepted.

5.2'Compafison of Coruelation.Equations andfObéerved Values’
AeThe.valuea calculated froﬁ_the cor;elatiou equation and the '
observed values'of theldependeutlvariable for the va;ious testAvarj
iables are compared. The.couparison of the calculated and observed
values.fof the_total thfuef loading aud'the axialﬁfefce loadiug are
shown in Figures 9 thfu 12. The data on Figure 9 shows that at
zero crossflew velecity anu 100 percent of design sbeed, Ehe calcu-
lated value of total thrust loading is 809 lb/ft2 as compared to
the observed value of 819 lb/ftz. At 70 percent of design speed
_(Fig. 10) the calculated value of total thrust loading is 405
) 1b/ft as compared to the observed value of 411 lb/ft2.4 The aata'
_also'shqws that the calculated values show the same trends with in-
creasing crossflow velocity as the observed values;

The data on- Figures ll and 12 shuv'tha; at zero crossflow ve-—
lécity‘the calculated and observed values of axial—ferce loading are
almost identieai.. Over tﬁe{erossflow rangejtested, there is good
agreement‘between the calculated and observed values, except at
zero angle ef attack and 100 pefceut of design speed test condi-

.tions. At these test conditions, the observed values appear to
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have more scattér than at the other test conditions, However, no
reason could be found for this apparent deviation,

The values calculéled from the correlation equation will no&
be used to discuss the variation in loadipg parameters with.the
various test variables. The data on Figures 9 and 11 show that at
'2ér61crossflow velocity fof 100 percent of désign speed, the tétal
thfusé loading 1is 809N1b/ft2:és co@éaxed to-thg.axia1~force 1oad;.
.iné vélue:o£;244‘ib/ft2. At 70 percent of desién.séeed:(Figs.fld
.aﬁd 125;'the=to;al thrust’lbading'ié 405;157ft2,as ¢ompared to the‘i
Aaxial—férce‘loadiﬁg of 350 1b/ft2.' This obser&ed differeﬁce can .
be attributed té the faéﬁ tha£ a éogtioh of tke fén-momenfumiéhfust‘
~acts on the wing_beqause.the inlet beilmouth of éhe lift-fan simu-
lstor is not of an'infinife diameter. If thé inlet had an infinite
diameter, theﬁ the maximum lift .force generated would be equal to
the exit mOmentum'thrust'lgss the fan'basé_force. Copsequéntly, in
thi% experimenf, £h§ fullvmqmenﬁum thrust will not be.measurgd on
_thé loaﬁ céll_force‘balance resuiting-in a red;ced va;ue.of:axial—
"forcg ioading.

A comparison'of the  data on Figﬁresi9 thfu iz show fhat the

" effect of increésing éroésflow veidcity is not the same forftoéal'
thrusﬁ loading'as'for axial force;loading. At 100 percent of de--
éign sbega and ie;o angle of ;ttack (Fig. 9),:the total thrust
loading decreases‘dniférmly from 809 lb/ft2 at zero crossflow
velocity to about 655 1b/ft2 at the highest crossflow velocity

of 240 ft/sec. However, the axial-force loading (Fig. 11)

tends to decrease slightly (from 744 1b/ft2 at zero crossflow
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velocity) with increasing crossflow velocity to minimum value of
696 lb/ft2 at about lSQ_ft/sec. Further increases in crossfloﬁ
velocity to 240 ft/sec cause an 1ncrease in axial—fofce loading ap-
proaching the same levei as that obtained at zero crossflow
velocity. |

_A-At 20<percené of desigﬁ speed (fig. 10), the tofal.thrust'
'loaéing decreased Siightly with increaéing veiqcity. Howe§er, the
.4axiéi—forcé lOadipg (Eig;.iZ)'increased ;niformly wiﬁh iﬁcreésing
;roséflow Velocity,‘ For exampie, at zerb angle of agtack,'the
a#ial—fqrce loading increased from 550.lb/ft? at zero crossflow
velocity to a value éf 420 lb/f£2 at the highest crossfloQ veléc-
ity of 240 f;/séc.., “

'.The observed difference in trendé betweeﬁ total thrust load-
ing and axial-force loading with increasing crossflow velocity may
be partially explained by théifact thét croséflow'vglocity ﬁay‘ef- )
" fect the totalﬂthrﬁgt'lééding.in twbrwayé.' First, croséf%ow ve-
locity tends'gd cause flow sebafation in the~fén inlet.‘ Inlet
‘flow‘separation was actually obserﬁed in this experiment. When
flow-separation.occurs iﬁlrgduces the effective flow area -of the
..faﬁ which reduces the weight flow through the fén; The inlet.areg
blocked by flow separatioﬁ %ncreésed with increasing crossflow ve-
iqcity and increased angles gf'attack. ,Inlet~f16w separation was
also found'to be a function éf corrected tip speed since more in-
let flow separation was observed at the design tip speéd~(980

ft/sec) than at 70 percent of design tip speed.
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The second effect of croséflow is tb produce flow disfortions
at the inlet and withinvthe fan flow passage. This effect reduces
the overall total pressure at the exit of the fan. Both of these
effects reduce the total thrust loading, and can explain the rea-
son for the observed decrease in total thrust loading with in-
creésing crossflow velocity and incréésigg angle of ‘attack.

" A comparison of the_correlatipn equation énd the observed
valﬁesvéf.the force 16adiﬁé.différéﬁée is shown in Figﬁre§'13 and’
14, The data éhpw that gt.iero-crossfiow velocity the tétai
thrust léading is greater than thé axiai force loading at both 100
. and 70 percent of design épéed. Tﬁe correlation equation showé.
.that at 100 percent of design speed (fig. 13), the difference is
~-65 lb/ftz; and at.70 percent of design speed (Fig. 14) the dif-
ference'is'—SS lb/ftz. The reason for'ﬁhe difference has Been ex—
piaiped by.the previous discussion.

The &aga'in Figures.13'and ;4 show that the fo;cekloading- .
difference increases unif&rmiy with increasing crossflow yelocity,
aﬁd that tﬁe force loading difference increases more rapidly at
+10° thén at —100 angle of attack.

‘ A compafisén of‘éhe correlation equation and observed daté
for total thruét loading as a function of aiial—force loading is
presented in Figufe 15. 'Thé daﬁa showed that at zero crossflow
velocity, the observedAdata is displaced by about a constant value

from the correlation equation. The effect of arigle of attackand
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crossflow velocity is to vary the obserﬁed data from the linear
correlation equation s?own. Further examination of the data on
Figure 15 indicates that a family of lines with the same slope as
the original correlation equation could be drawn through the data
‘to ;epfesent constant valugs-gf‘angle of attack or crossflow ve-
lbéify. The displacement:of the lines from therriginal.correla— :
tion‘equapion would vary with:crossflaw‘&eloéity and aﬁglefof.at-.
.'téck.' It may then be ﬁossiﬁle té detefmiﬁé co?réléﬁibﬁ éqﬁations
.for the‘family of lines to define the pérformance‘éharaéteristicsi
of the lift-fan simuléfpr_for:the full‘range of dépendént vari-

“ables,



6,0 CONCLUSIONS AND AREAS FOR FURTHER RESEARCH

From the results of this experiment, the following major con-
clusions were reached:

The multiple lineaf regression analysis technique may be used
to obtain significant correlationpequétions for the dependent vari-
ables: total thrust loading,.agial—force 1oaﬁing, a;d phe.fércé
1oadiﬁg differeﬁ;ewas a function'of the indepehdenf.test.variables;
'EcrosSflow &elocity,‘cérrectgd-tiﬁ speed, anﬁ Qihg anglé pf éttaékﬁ> ‘
The fgsults of #he muitiple_linéa?.regreésioﬂ analysis showed that”
for ALI cases the correlation coeﬁfipieﬁt exéeeded 0.988 wgich‘inf
dicates a near peffect correlatioﬁ. The F -values obtained ffom
the F-test for testing the nullfhypothesis Sy that .there .is no
correi;tion, WereAgreater than the criticalvvalue of the F-
distributions for a 0.01 prébability level. Therefore, the null
hypothesis' Hoi that there is no correlgtion, was rejected énd the
.alternatiée.hypofhgsis_ Hl:__that theré.isfa.significant'éorrela7‘,4
“tion, was accepted. | N

The results bf the linear regression analysis_also éhowed that
_ the;e is a significant céfrelation for the total fhrust loading.as
a fﬁnction of é#ial-force loading. .

Since the linear regréssion analysié gechnique _can calculate

reliablé prediction modei éduations,it would be-poésible fé reduce

the amount of instrumentation required to.measure lift-fan simula-

tor performance. For example, only a load cell force balance and

_[*5-1
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limited pressure instrumentation would be used to measure the 1lift-
fan axial force, and the prediction model equation would then.be
used to calculate the t;tal thrust load. Or if the lift~fan simu-
lator design could not accommodéte a force balance, the prediction
model equation could be used to calculate the axial-force ioading.
 The prediction model equatioﬁ was also useful in dete?ﬁining
thé.relationéhip be;weeﬁ the axialijréé ioéding %nd the‘éalculated'
,itdﬁél tﬁrust-loadiné.' éroséflow Qeloéify was found to:bé{the goéﬁ
'significant variable in the force-loading difference correlation
eéuatidn. The‘ﬁorrelation equatian'wgre alsp.used>to smooth the.
oﬂserved-data. Smootﬁing the data helps to visualize the interfer-
. ence éffeqts of the faﬁ.flow and external airflow (crossflow veloc—
ity) on tﬁe lift-fan simu}ator performance. it also helps to ex-
plain the reasons for the differences between the axial-force load-~
ing and the total thrust loading.
fhe éxpegimental test results showed ﬁhat the total thrust
loéding décreaséd uniférmly with increasing crossfiow velocity be-
cause of inlet flow separation and flow distortioé effeéts on the
exit total pressure. .The axial-force loading tended to first'ae-
créase,slightly“and then ihcreaée with increasing crossflow veloc-
'ity. This effect is a result of thé combination of decreasing
togai thrust loading and ingfeasing circulation pressu?e forceé
as thé,crossflow velocity increases.
The'résults'of this work indicate that prediction modeling

teéhniquescouldibe valuable in designing and analyzing lift-fan
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simulator tests. It could be used to reduce the amount of instru-
mentation required and to reduce the number of test runs required
to define the performance characteristics of lift-fan simulators.
The use of this technique could reduce the cost of building and
: testing lift-fan simulators.'..

However, a large amount of work remains'to.be ddne before the
method ptesented in. this the31s could actually be used routlnely
for any VIOL -1ift- fan test programs. 'The-technique wopld'have to
.be applied to other lift-fan simuletor test programs'tolconfirm the
:“findings of this work. As'previoneiy.stated, three:other liit-fan
sinulater tests have recently been compieted. Tnis technique may
also be applied to the results of those 11ft fan 81mulator tests.

In. addition the techniques presented here should be applied
to ‘the test results of the lift-fan sinulator tests with the exit
louyeré installed at the exit of.the'fan.A The effect‘bf”exit lou-
‘vers on theifan perfermance characteristics of the lift-fan simula-
tor.is a fourth independent variable- to be.inclnded in.tﬁe cerrela—
.tion equation. |

The goal of this thesis was to:develop a prediction technique
to help in determininé the.performance characteristics of lift-fan
simulators. The technique has tfemendone potentiai, and it is noped
" that this work will be a useful tool in the design and analysis df.

future lift-fan simulator test programs.
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APPENDIX A

METHOD OF CALCULATING TOTAL THRUST

L

This chapter describes the methods used in calculating the fan
and turbine momentum thfust, axial force, and fan base force from
the measured state point values of -pressure, temperature and air-
“.- fiow angles, and éxial forqelrecorded atAthe,varioﬁs test ﬁoiﬁts.'

Ek;l Moﬁéntuﬁ Thrust
'The'fan'and‘ﬁurbine momentum thrust are_calculatéd 5y.thé'
same'procedure.' The moméntum thr¢st i; éalculaped from the meas-—,
ured weight fiéw,-and the-ideal exit axial velocity calculated from
the i@eal expansion'from a calculateq to;gl pressure Fo én updisf
turbe& ambient p?essdre in.conjunction witg.a,thrust coefficient

for outlet duct losses.

Fan Momentum Thrust. - The equation.for the fan.momentum thrust is

- wlvzectfb

‘FF "-—"g——", 1b ‘ . . (Al)

where th is the thrust coefficient deté;mined from'experiméﬁtai
data of similar exit ducts. -For this application -Ct 1.0. The
acceleration due to gfavity, g = 32,2 ft/secz. Vze. is the ideal

_exit axial velocity and is determined from the following equation.
o ' 1/2

. B S - . .
V. = cos B 42g (—41—;) T {1 - — ) , ft/sec (A2)
' P

- 51 -
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-where P, is the undisturbed émbient static pressure measﬁred in
the test section, ﬁe ;? the average total pressure at the fan exit
weighted according to the distribution of mass flow in the fan pas-
sage (such terms are denoted as mass averaged terms);.Eg is the.
average airflow éngle; ie ‘is' the mass-averaggd total temperature,
and- vy is the ratio of specific heat~of,éir, Y - 1.4,

. - The weight flow &1

is calculated from- the cofrelation
w,/8/6 = £(p,/p ), 1b/sec . (a3)

~ where pi is the fan inlgtfstatic.pfess;re:3/4 of an inch above
the rotor leading edge. Tbé cérrelation is obtainédyffom a coméu-
. ter program based.én the potential f;ow theory of reference 22 for.
“'ap inlet sufficiently far upstream of the rotor to be considered
 ‘unaffected b& the rotor. The weight flow is also adjusted for tﬁe

effects of flow separation on the inlet bellmouth.

Turbine Momentum Thrust. ~.The equation.for.purbine mdmgnpuﬁ‘tﬁfust

*

is
: wV  C o :
.. _T 2T tf
FT = 2 s 1b - (A4)
where the thrust .coefficient th = 0.98. VzT is the ideal exit’

axlal velocity and is determined from the following‘equation.

. | _ -1:1 1/2
. . ) . ' AA‘ 'p Y . R . .
VZT = cos E& 2¢g (}7%}7f) TT E;-— p?} , ft/sec IH(AS)
. T '
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Where P, 1s the mass averaged total pressufe at the turbine exit,

T

~

TT is the mass averaged total temperature, and E& is the average

airflow angle. The weight flow W, is measured with a calibrated

T

flat-plate orifice.

A2 ?an Base Force

.. The fan base force Fp islpéléulaﬁed from the measured static |

: preésure pb' acting on the loﬁerusurface of the fan hub.

R

‘Where P is the ambient étatié pressure in the test section; and
) Ab is the area on which Py acts (Ab = 0,227 ft2 for this exper-

iment),

""A.3 Axial Force .

: The aﬁiél:forcé is measufed on the load cell force.béiance.
The_forcé balaﬁce<cbnsisté.of.three 500 1b load- cells équally
épaced on a 22.5-in, diameter circle (Fig. 3);‘ The total axial
force is the sum of the tﬁree load cell.readiﬁgs times‘a calibra-
tion constant | |
Fo= iFl'f F

L

, t F3)Kf,.1b.‘ . (A7)

where’ Fl, F2, and F are the iqdividual load cell readings. K

3 f .

is a calibration constant determined from calibration tests of the

load cell fofce balancé.



" APPENDIX B

DESCRIPTION OF MULTIPLE LINEAR REGRESSION COMPUTER PROGRAM

RAPIER27 is a FORTRAN IV program for multiplé linear regression
analysis. BAPIER computes’the variance-convariance matrix of the
independent variables,}regreSSiqk coefficients, t-statistics for in-
'dividual tests, and.analysis of variapce taﬁles,fdr.overali tesping
:-of tégressioﬁ;.ﬂTherenis a choige'of Ehree;stratggies fof thé,Vari;~
'anéé e;timége to be uged iﬁ;computing t—étatisﬁics: A baék&ard';e—
'jéctidn option methpd, pased.oh;tﬁe first dependen; §ariable,fmay be
'uséd. A critical Sigﬁificénce iévei is supplied as iqput.’ The
least ;ignificant inaépendent variable is deleted and the regression
;feéomputed.."This procesé ié:repéatéd until all remaining Variables.
have significantly’qonzero coefficients.

The model equation is assumed to be of thé form

171 271 iJ i

y, = b.x, + b.x, .+ “eer + b X, 4+ e, = 1;..3N- F(Bll
S 7 S ' -

Yy is the respohse variable.

-xiJ- is the transformation of the independent variables.

Tﬁe,subsc;ipt 1 indicates the -values associated with the
ith ‘observation.

The-subscript J }denofés the numbér of indepehdent vari-
ables observed.

-N. ~is the numbef:of obsérvationé.

ey denoteg the difference betwéen the observed value and
" the expected‘value of yi-
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The program then computes the fegression coefficients bO’ bl""'
b9; the (Analysis of Variance) ANOVA table; the coefficient of de-
termination rz,’and the coefficient of correlation r; the stand-
ard error of the regression estimate. In addition an F test ig
made for tésting the null hypothesis HO: that there ié no co?relaj
tioﬁ,;that a}l the cdfrelation goefficigﬁts are zero, théAalterna—f‘
ltiye hy?oﬁhésis'is ”Hl:j'thagithete is a sigqificant dd%relétion.
'The  F fesf is - | A

_ Mean squares of the regression
Mean squares . of the residual

If the calculated value of* .F is greater than the critical value of
the F distributions for the number of degrees of freedom, then the

hypothesis H, is invalid indicating that there is a significant

0
correlation. and the regression coefficients are not zero.

If the backward‘rejection option of the program ié-used a
f-tést.is_performgd on each regreﬁsién»coefficiept. The term cor-
responding to the.miﬁimum t. is dropﬁed_and the ¥égre§sioﬁ'is‘fe—
computea{ This process is repeatgd until ail remainiﬁg coefficients
are significant at thevépeéif;ed level of confidence.

A AThen for. each observation (inﬁut~data) ghe obse}ved'response.
(y), the calculated respénsé (y calc); tﬁe residual (Y obs - Y calc =
'Diff),'and thefstudentized residual. z = 2-5"2“ is computed.and
.printed out. Two other sFatistics which may be used to test the
normality:of thé eﬁpifigal distribution, skewness and kurtosis, are

calculated. Skewness should be nearly zero and kurtosis should be

-nearly 3.
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The program has a prediction option, in which the regression
equations are used to predict an estimated response at some condi-
tion of the independent variables. The progfam accepts input vec-
tors x and computes the predicted response, y; the variance of the
fegression line, the standard devia;iqn of régression, variance off
thé_predicted Qgiug épd the standard deviation of.the.prediéted
value. .
lThé.pFogfam'aisb-has a computer plot routine whicg-ploté thé

residuals for the déppndént variable versus _ the inégééndené varifu 

ables and the.rééidﬁals'for the dependent variable versus the pre-

dicted value.



total thrust'loadiné parameter, 1b/ft

APPENDIX C
GLOSSARY OF SYMBOLS
fan f%ontal area, 1.263 ft2
fan hub base area, 0.227 ftz,
feéression coefficient

thrust coefficient

tptél.thrust.fdrcé,-}b.

_ fan base force, 1b

fan momentum thrust, 1b

-individual 1oadrCell reading; 1b -

axial-force measured on load cell force balance, 1b

“turbine momentum thrust, 1b

2

axial-force loading parameter, lb/ft2
force loading difference, lb/ft2

statistical hypothesis to be tested

alternative ﬁypofhesis to be accepted if HO' is jddged
to be false

total pressure measurement, lb/ft

total pressure measurement for airflow énglé, lb/ft2

mass averaged fan exit total pressure, lb/ft2

static pressure on lower surface of fan hub, 1b/ft2
static pressure meésurement, 1b/ft2
fan inlet static pressure,lb/f-t2

differential pressure measurement, lb/ft2
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total temperature meaéurement, °r
mass averaged fan exit total temperature, OR
mass averaged turbine exit total temperature, °R
differential total temperature measurement, °r
fan corrected tip épeed,_ft/sec
érossflow velocity (free stream airflow), ft/sec
ideal exit axi;l velocity_of.fan, ft/sec
ideal éxit axial'veioqity of ﬁurbine, ft/sec
faﬁ wéight_flow, ib/sec
tgrbine~weight flow, 1b/sec
dependent variab;; for~rég£eséion'analysis
wing‘angle of.attack, deg
alrflow angle, deg

the ratio of inlet total pressure to standard sea~-level

pressure of 2116.2 1b/ft2

the ratio of 'inlet total pressure to standard sea-level

- temperature 518 7°R

ratio of the specific heat of air, vy = 1.4





